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Abstract 

We revisit the electroweak precision tests for Higgsless models of strong EWSB. 
We use the Vector Meson Dominance approach and express S and T via couplings 
characterizing vector and axial spin-1 resonances of the strong sector. These couplings 
are constrained by the elastic unitarity and by requiring a good UV behavior of various 
formfactors. We pay particular attention to the one-loop contribution of resonances to 
T (beyond the chiral log), and to how it can improve the fit. We also make contact with 
the recent studies of Conformal Technicolor. We explain why the second Weinberg 
sum rule never converges in these models, and formulate a condition necessary for 
preserving the custodial symmetry in the IR. 
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1 Introduction 



The purpose of this paper is to revisit the problem of electroweak precision tests in strong 
electroweak symmetry breaking (EWSB) models. 

Remember that EWSB scenarios can be roughly classified into models with or without 
a Higgs boson, by which we mean one or more scalar particle with a significant coupling to 
WW, so that it plays a dominant role in unitarizing the longitudinal WW scattering. 

Models with a Higgs boson are often called weakly coupled, because they can be extrap- 
olated up to energies A[/y ^ Aew ~ 47rf {v = 246 GeV is the EWSB scale). For example, 
for low energy SUSY models one can have Auy ~ ^gut-, while for models of composite 
pseudo-goldstone Higgs boson one typically expects Kuv / ^ew = 0(3 ^ 5) [1, 2]. 

On the other hand, strongly coupled models, in which Kuv ~ ^ew^ are usually assumed 
to give rise not to a Higgs boson, but to a sequence of vector resonances V with masses My = 
0{Aew)- As is well known, vector exchanges are also able to unitarize WlWl scattering 
[4-6]. This unitarization remains imperfect, since unitarity violations are postponed to a 
scale which is only a few times higher than My- Still, this possibility is very interesting. 
The unitarization condition fixes the V coupling to WlWl in terms of its mass, and gives 
rise to a predictive framework. In particular, the V — )■ WlWl decay width can be calculated 
and is found relatively narrow {Tv/^h = 0(0.1) relative to the Higgs boson width for the 
same mass). 

Historically, the first strongly coupled EWSB model was Technicolor [7] . In Technicolor, 
EWSB sector originates from an asymptotically free gauge theory in the UV, with a rapid 
confinement and chiral symmetry breaking in the IR, very much like in QCD. 

However, other types of UV dynamics may also lead to strong EWSB. One possibility is 
that the UV theory stays close to a strongly interacting conformal fixed point over a wide 
range of energies, losing any connection to the weakly coupled description in the deep UV 
(if there was any) [8, 9]. In this case, thinking in terms of gauge degrees of freedom may be 
misleading. One may try instead to use the language of Conformal Field Theory [10-12]. 
Conformal language is also indispensable in the context of strong EWSB models in warped 
extra dimensions [13]. 

The defining feature of strong EWSB models is thus the presence of strong interactions 
and composite resonances at Aew, and not the nature of fundamental degrees of freedom 
out of which these resonances are built. It is then interesting to know if the electroweak 
precision observables can be computed in terms of resonance masses and couplings. This is 
the question that we attempt to answer here. 

The paper is structured as follows. We begin in section 2 with a brief reminder of the 
electroweak precision test (EWPT) formalism. 

In section 3 we introduce an effective lagrangian for the strong EWSB sector. In addition 
to the usual goldstones, it contains the spin-1 vector and axial resonances. They transform 
nonlinearly under the SU{2) l x SU{2) ^ global symmetry, as is appropriate for the composite 
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particles. Their couplings are fixed by the assumption that the UV behavior of various 
amplitudes (vrvr scattering, pion formfactor) is improved by tree-level resonance exchanges. 
This framework, called Vector Meson Dominance (VMD), is experimentally known to work 
well in QCD [3], and we adopt it here. 

In section 4 we discuss the S parameter. In sections 4.1, 4.2 we review the Peskin- 
Takeuchi dispersion relation and use it to compute S in our model. Most of the discussion 
here is not new. Our explanation why the chiral log contribution is expected to be cutoff 
at A ~ My in VMD models may be not without interest. 

In section 4.3 we discuss the Weinberg sum rules. We explain why the second sum rule 
cannot be expected to converge in models of strong EWSB which resolve the flavor problem 
via large Higgs anomalous dimension (Walking or Conformal Technicolor). This fact has 
been suspected before, but can now be shown rigorously, using recent results about the UV 
conformal structure of such models. 

In section 5 we discuss the T parameter. In section 5.1 we justify the prescription 
relating T to the pion wavefunction renormalization in the Landau gauge. In section 5.2 
we address (the absence of) the UV sensitivity. We point out that custodial symmetry in 
the IR is not an automatic consequence of the UV fixed point custodial invariance: it could 
be broken by scalars which are singlets of SU{2)w x f/(l)y but not of SU{2)l x SU{2)r. 
Demanding that all such dangerous scalars be irrelevant is an extra condition on viable 
Conformal Technicolor models. 

In section 5.3 we proceed to compute the one-loop 0{g'^) contribution to the T parameter 
from goldstones and resonances, in our VMD model. Our discussion here completes and 
generalizes that of Ref. [6]. In particular, we consider the full list of cubic vector-axial- 
goldstone couplings relevant for this computation. Two of these can be fixed by demanding 
that they regulate the formfactors of spin-1 resonances, thus reducing the UV sensitivity of 
T from quadratic to logarithmic. The third coupling is a free parameter. 

Finally, in section 6 we present numerical results showing how our VMD model com- 
pares with the electroweak precision data, and identify preferred regions of the parameter 
space. We conclude in section 7. Appendices A,B,C collect technical details related to the 
electroweak fit and to the T parameter computation. 

2 Brief Reminder of Electroweak Precision Analysis 

Corrections to the electroweak precision observables can occur via the weak boson self- 
energies {oblique, or universal corrections), or in fermion-weak boson vertices. In this paper 
we will be concerned only with the oblique corrections. In general, the vertex corrections 
are more model-dependent, since they require a discussion of how fermions couple to the 
EWSB sector. Sometimes large vertex corrections are invoked to improve the electroweak 
fit [14], but that's not the road we would like to explore here. Rather, we would like to see 
if a satisfactory fit can be obtained in the absence of significant vertex corrections. 
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Let us call a EWSB model heavy, if all new particles/resonances have masses ^ Mz 
(including the Standard Model Higgs boson if it exists). In this paper we will be mostly 
dealing with such models. 

In heavy EWSB models, electroweak precision tests are convenient to perform in terms 
of the three e parameters [15]. On the one hand, the e's are linearly related to the precision 
observables Ap, Ak, and Ar„ by universal coefficients dependent only on sw, the sine of the 
Weinberg angle. The latter observables describe genuine electroweak corrections beyond the 
running of oem- Here we will need only ei, £3, determined experimentally as^ (Appendix A) 

£1 = (6.0±0.7) 10"^ £3 = (5.7±0.8)10"^ (2.1) 

with 85% correlation. On the other hand, the same e's can be computed in terms of the 
gauge boson self-energies [15] 

£1 = ei + Sei, ei 
£3 = ea + fes, 63 

where Uij are the formfactors appearing in the gauge boson vacuum polarization amplitudes: 

= -^'n^iu^^j{Q'^) + Qi^Qu terms . (2.3) 



n33(o)-n+_(o) 



cw 
Sw 



n'3B(o), 



(2.2) 



The terms ^£1,3 in (2.2) involve combinations of gauge boson self-energies which are 
higher order in the expansion. We will not need their precise form, which can be found 
in [15]. In heavy models, fei^3 are dominated by W, Z loops and are not sensitive to heavy 
new particles. Still, it is useful to remember about their presence in (2.2). In particular, 
this helps to clarify issues related to the gauge invariance of £13. 

For the Standard Model (SM), comparison of theory and experiment points to a relatively 
light Higgs boson. This well known fact is demonstrated in Fig. 1. For a heavy Higgs, the 
£1, £3 have a logarithmic dependence on Mh- 

up to 0{M'^/M'jj) corrections. These logarithms come from ci and 63, while fei^3 go to a 
constant in the heavy Higgs limit. 

The curve in Fig. 1 has been traced using the full one-loop formulas from [17]; the fact 
that it deviates from a straight line in the light Higgs region shows that the asymptotic 
expressions (2.4) are not accurate there. 

For any other model, electroweak precision analysis is simplified by focussing on the 
deviations of £1,3 from their values in the SM for a reference value of the Higgs mass. These 



"'^This determination assumes that the £2 parameter does not deviate significantly from its SM value. 
This is justifiable in heavy EWSB models, where one expects Ae2 <C Aei. Analogously, the variations of 
the Y and W parameters, constrained by LEP2 data [16], are also expected to be negligible in our models. 
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deviations are known as the T and S parameters : 



T = e^ 



^1 ~ 

^SM 



ei 
63 



^SM 



^SM 



(2.5) 



where the approximations are vahd if the model is heavy and M|p ^ Mz 




Figure 1: Experimental contours (68,95 and 99% CL) for £1^3, as well as their dependence on 
the Higgs mass in the SM {Mh = 115, 200, 500, 1000 GeV). The top mass is set at the current 
central value Mt = 173.3 GeV. 



3 Strong EWSB and Vector Meson Dominance 

We assume as usual that the strong EWSB sector has a custodial SU{2)l x SU{2)r global 
symmetry. The corresponding symmetry currents are J^^ and J'^ , and we will also use 
their vector and axial combinations Jy^ = Jj^ ± J{^. For simplicity, we assume that the 
strong sector preserves parity, under which Jr^ ^^a-^ 

The SM gauge group partly gauges the global symmetry of the EWSB sector. In the 
standard convention, SU{2)w gauges J{^, while U{1)y gauges . 

Finally, by assumption, the global symmetry of the EWSB sector is broken spontaneously 
to the diagonal subgroup SU{2)i^ji. This triggers EWSB as it gives rise to three goldstone 

= aT, S = conipared to the normalization of [18]. 

■^See [19] for a recent discussion of strong EWSB without parity. 
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bosons 7r°, eventually eaten by the W and Z.^ 

An effective low-energy description of this minimal EWSB sector is provided by the 
chiral Lagrangian: 

^='^{D^U{D'^Uy) , (3.1) 



where 



U = e , n = I TT 



V2 



2ll 



V2 



D^U = d^U~iB^U + iUW^, W^ = gT''W^, B^ = g'T^B^, (3.2) 

and denotes the trace of a 2 x 2 matrix. The invariant kinetic and mass terms for the 
SM fermions and gauge boson are left understood. Under SU{2)l x SU(2)r^ 

U ^ gnUgl . 

The chiral Lagrangian is applicable at energies below any resonances. Such resonances 
can however be added to the model. For example, Higgs boson h can be introduced via [4] 

1 A/f2 1 

if = -{d,hr - -fh' + -hv {{D,U){D^Uy) . (3.3) 

The last term describes the him coupling, crucial for the unitarization of nn (or WlWl) 
scattering. It also dominates the heavy Higgs decay width: 

~ r(i7 ^ vrvr) = (M^, > M^) . (3.4) 

In this paper, we are interested in models of strong EWSB, which are usually not 
expected to contain Higgs-like scalars. Instead, they may contain heavy spin-1 resonances 
(analogs of the p and a mesons in QCD). From QCD literature [21], there are several known, 
equivalent methods to couple such resonances to the chiral Lagrangian. 

Here we will use a description by means of antisymmetric tensors transforming in the 
adjoint representation of SU{2)l^ji (and nonlinearly under SU{2)l x SU{2)r). Using 
antisymmetric tensors is a matter of convenience: up to field redefinitions, addition of local 
terms, and appropriate matching conditions for the coupling constants, equivalent results 
could be obtained with other formalisms. However, the issue of convenience should not be 
underestimated. There are at least three reasons why the antisymmetric tensor formalism 
looks better than the alternatives^ [21]: 

■^Notice that larger global symmetries of the strong sector, containing SU{2)l x SU{2)ii as a subgroup, 
can be also considered. Such non-minimal models will contain extra (pseudo)-goldstone bosons in addition 
to the longitudinal W and Z. In particular, a light composite Higgs boson can emerge as one of these 
pseudo-goldstones; see [20] for a recent discussion. 

disadvantage of the antisymmetric tensor formalism is that the current automated collider physics 
tools do not deal with antisymmetric tensors. For this reason collider studies of Higgsless models are usually 
performed in the other two formalisms [22, 19]. 
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• It allows a unified treatment of states of positive and negative parity. The = l"*" 
states could be introduced as gauge fields of SU{2)l+r, in an approach known as 
"hidden local symmetry" ; however there is no simple natural way to do the same for 
the axials.^ 

• If vector fields in the adjoint of SU (2) ^^ji are used instead of antisymmetric tensors, 
extra local terms have to be added to the lagrangian to soften the UV behavior of 
various formfactors. In the antisymmetric tensor formalism these terms are accounted 
for automatically, due to a local term in the propagator (see below). 

• Finally, using antisymmetric tensors avoids mixing of the spin-1 axial fields with the 
derivatives of the goldstones. 



One more reason will be mentioned in note 10; see section 4 below. For a fair comparison, we 
must admit that the "hidden local symmetry" formalism has an advantage in that it allows 
to reach a weak coupling limit. ^ However, this advantage would not be decisive for us, since 
we will be dealing here with theories which are on the verge of becoming non-perturbative. 

We thus consider two sets of vector states of opposite parity, and A^'^, both trans- 
forming in the adjoint representation of SU{2)l^r: 



(3.5) 



We will be mostly considering the minimal situation when there is just one prominent 
resonance of each type, but it's trivial to generalize to several V^s and A's. To describe the 
transformation properties of these fields under the full SU{2)l x SU{2)r, one introduces 
the little matrix u [27] via 



U 



u 



This matrix parametrizes the SU{2)l x SU (2) SU (2) l+r coset and transforms as 



u 



gnuh^ = hug 



L ; 



where h = h{u, ql, Qr) is uniquely determined by this equation. The general transformation 
of R^'^ is then given by the same Eq. (3.5) with h so defined. For = Qr we have 
h = ql = qr independent of and we recover the linear SU{2)l^r transformation. This is 
the usual theory of nonlinear realizations [27]. 



The kinetic Lagrangian for heavy spin-1 fields has the form [3, 21] 
^ = -l(V^i?^'^V'^i?..) + ^-Ml{R^-R^,) , 



(3.6) 



where the covariant derivative 
W^R = d^R+[V^,Rl 



u\d,,-tB^,)u + u{d,~iW,)u^ , rt=-r^, (3.7) 



^ Axial spin-1 states can be introduced via the 4-site model [25]. An equivalent construction which allows 
to introduce both vectors and axials as gauge fields was discussed recently in [26] . 
^This was exploited recently in [23, 24]. 
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ensures that V^-R transforms as R under the global SU{2)l x SU{2)r and under the SM 
gauge group. 

We then have the following two-derivative SU{2)l x SU{2)ji and parity invariant La- 
grangian describing the couplings of spin-1 fields to the goldstones and SM gauge fields: 

(3.8) 

where 

= iv^D^Uv) = v)^, —7- hu^h^ . (3.9) 

Parameters Gy, Fy^A have dimension of mass and by Naive Dimensional Analysis (NDA) 
we expect them to be 0{v). 

Phenomenology taking into account tree-level exchanges of V and A resonances in the 
goldstone scattering amplitudes and in their coupling to the SM gauge fields is known as 
Vector Meson Dominance (VMD) [3, 21]. We will now review a few of its features important 
for the EWSB, following [6]. 

Parameter Gy measures the strength of the Vittt coupling. The basic elastic vrvr scatter- 
ing amplitude has the form [4, 6] 



_S Gy 

y2 



u 



(3.10) 



where the first term comes from the chiral Lagrangian, while the second one is due to the 
V exchange. It is derived by using the heavy vector propagator [3, 21] 



A 



2*^ \ Q^pkukfj — Qfjiakykp — (/i ^ z/) 



H 



(3.11) 



Notice the second, contact, term. This term appears automatically when deriving the 
propagator from the Lagrangian (3.6). Its presence is important for ensuring the good 
UV behavior of the amplitude (3.10). When using the description by nonlinearly realized 
vectors, the contact term is absent and the amplitude grows as s^. This growth should then 
be cancelled by adding a {[Ufj,, Uiy]"^) term to the Lagrangian. When using the antisymmetric 
tensor description, as we are doing here, one assumes that there is no extra {[u^jUj^]"^) term 
with a significant coefficient, so that Eq. (3.10) is a good approximation for the vrvr scattering 
amphtude up to energies ~ 2My. 

We now discuss consistency of Eq. (3.10) with elastic unitarity. As is well known, the 
first term in the amplitude (pure chiral Lagrangian contribution) would violate unitarity 
in the a/Tg partial wave at around 1.7 TeV [28]. The Oi^Gy) term helps to postpone 
unitarity violation to higher energies. This partial unitarity restoration is most efficient for 
Gy somewhat above the value 

G*y = v/V3, (3.12) 
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canceling the linear growth in s.^ 

Taking this mechanism at face value, unitarity of elastic vrvr scattering can be preserved 
up to as high as 6(10) TeV for My = 2(1) TeV. Eventually, unitarity is violated by the 
logarithmically growing terms in a^{s). However, even before this, opening of inelastic 
channels like vrvr — )• VV has to be taken into account [29, 22, 19]. Because of this, we 
will trust the amplitude (3.10) and the resulting partial unitarity restoration at most up to 

~ 2My. 

Parameter Gv also controls the width of the V resonance: 



Interestingly, for Gy ~ Gy this width is an order of magnitude smaller than the Higgs 
boson width for the same mass, Eq. (3.4). In this respect, vectors seem to be more efficient 
(albeit imperfect) unitarizers than scalars [6]. 

We next discuss parameter Fy, which measures the strength of ^-gauge mixing. Among 
other things, this coupling controls the high behavior of the goldstone formfactor (see 
Fig. 2): 



{7r{p')\J^{qMp)} = ^{q'){p + pr, ^{q') = 1 - ^ ^.7 ' • (3.14) 



FyGy 

g2 _ My 



If goldstones are composite objects, the formfactor is expected to go to zero at large q , 




Figure 2: Goldstone formfactor in Vector Meson Dominance. 



which happens for 

/\/f2 

FyGy=v\ n<l')^-^^- (3.15) 

q^ — My 

Assuming that there is only one prominent resonance in the vector channel, relations 
(3.12) and (3.15) allow to determine both Gy and Fy. These determinations, although 
approximate, are a step beyond NDA. We may be emboldened to take this step because, 

^Recently, Ref. [24] discussed a more general criterion called "partial UV completion" which determines 
(order of magnitude of) resonance couplings by saying that the resonance exchange should change the 
amplitude by 0(1) (rather than unitarize it). This approach is interesting to explore in the context of 
composite Higgs models, as in [24], where the amplitude grows more gently and there is no need to save 
it from violating unitarity right away. In Higgsless models the amplitude growth is more abrupt and there 
seems to be little room for a more general definition. 



9 



applied in QCD, this method gives the pim couphng and p-photon mixing in pretty good 
agreement with experiment [3, 21, 6].^ 

The role of couplings Fy^A for the S parameter will be discussed in the next section. 



4 S parameter 

Starting with [18], most of the discussion of the electroweak precision tests in strong EWSB 
models has focused on the S parameter. Here we review the necessary facts in some detail. 



4.1 Peskin-Takeuchi formula 

Consider the global symmetry current two point functions, which in the momentum space 
can be written as 

d'x e-«- (0| T( J7(x)4'^(0)) |0) = -I (^^^ - livviq'W' , (4.1) 

and analogously for AA. Separating the goldstone pole in the axial channel, we write 

n^A(g') = ^^' + g'n^A(g'), 



Now, the S parameter is related to the kinetic mixing of Wl^ and B^. Since these couple 



to the currents J^j'^^ = ± ^1^), it is tempting to identify 



63 = g' KniO) = ^ [nyv'(O) - n^^(O)] . (4.3) 

This equation cannot be exactly true since it treats gauge fields as nondynamical. Since the 
W and Z boson do propagate, their loops contribute to 63, which is not captured by Eq. 
(4.3). However, this equation does capture the part of 63 which comes from the presence of 
new degrees of freedom residing in the EWSB sector. For a precise statement, consider the 
dispersion relation: 







Uyy{q') = I ds ^^f'l . , py{s) = -\mYiyy{s) , (4.4) 
s — q'^ + le TT 



and analogously for AA. Then Eq. (4.3) can be rewritten as a spectral density integral: 



? 



e3 = ^/ -[pv{s)-Pa{s)]. (4.5) 

^ -'0 "5 



^See also [30] for a recent discussion of elastic unitarity in QCD pion scattering. 
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Whatever the EWSB model, there is one intermediate state which always contributes to 
this integral. This is the two goldstone state vrvr in the vector channel 



pv D p^As) = ^ • (4.6) 

For the SM Higgs sector, this is in fact the full pv at one loop. Since Ptttt is constant in s, 
it gives a log-divergent contribution 



The IR part of the divergence will be cutoff at yU ~ M^, since at these energies goldstones 
start mixing significantly with the W and Z. The precise way in which this happens is 
not important for us. What is important however, is that this mixing and the resulting 
cancellation of the IR divergence is insensitive to high scales: it happens in precisely the 
same way in whatever heavy EWSB theory. Thus this effect will cancel in the S parameter 
difference 63 — e^^^ {M^ ^ Mz)-, which frees us from having to compute it. 

We finally arrive at the correct result: 

S = '^ r-[{pv-PA)-{pr-pT)] ■ (4.8) 

The lower limit of integration must belong to the interval M| <^ /i^ ^ M^. It should also 
be much below whatever resonances of the strong EWSB model. Under these conditions, 
only vrvr state matters for s ~ /i^. Its contribution will cancel among py and py^, and the 
integral will be independent of p?. 

The SM part of Eq. (4.8) can be fully evaluated. The UV divergence from py = p^^^ is 
canceled at A ~ Mh by 

PA = P.. = ^(^l-^j 0is-Mf,). (4.9) 

Evaluating also the finite term for completeness, we find an expression for the S parameter 
in terms of the strong sector data: 



r, g'^ r ds , , , , / 11 . , 



Notice that the Higgs mass dependence is consistent with Eq. (2.4). 

This formula was originally derived and used in [18] to estimate the S parameter in QCD- 
like Technicolor models, as a function of the numbers of technicolors and technifermions 
iVrc and A^tf. The point is that in QCD, the spectral densities py^A can be extracted from 
experiment (measurements of hadroproduction in e'^e~ collisions and r decays). One can 
directly use these experimental densities to compute the S parameter for A^tc = 3 and 
A^TF = 2, when Technicolor dynamics matches QCD. For other values of A^tc and A^tf, 
Ref. [18] argued that a reasonable estimate can still be obtained by rescaling the QCD 
densities appropriately. 
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4.2 S parameter and Vector Meson Dominance 



Our approach to computing S will be different from [18] in two aspects. First, we will 
model spectral densities using the Vector Meson Dominance setup from section 3, rather 
than taking the experimental QCD densities as a starting point. Second, we will allow for 
theories whose UV structure deviates significantly from QCD, as Walking or Conformal 
Technicolor, so that the approach of [18] is not applicable. In practice, this will mean that 
we will not enforce the second Weinberg sum rule; see section 4.3. 

Consider then the VMD Lagrangian (3.8). Neglecting for the moment the Gy coupling, 
the leading order spectral densities are given by 

pv{s) = F^6{s - M^) + p^^, pa{s) = Fl6{s - Ml) . (4.11) 

Here we are including the tttt state and the composite vectors in the zero width approxima- 
tion. The resonances give a finite contribution^*^ 



to which we must add the UV divergent contribution (4.7) from p^^r- 

This log- divergence is however an artifact of neglecting Gy- The point is that the 
TTTT spectral density is suppressed aX s ^ My by the destructive interference with the V 
exchange diagram. This is the same mechanism which regulates the goldstone formfactor 
(3.14). Assuming the relation (3.15), the modified spectral density is 

P-^'^ = 4^ 1^^^)"' = 4^(.-M^)^+r^M- ^'-^'^ 

Notice that we took into account the finite width effect in the V propagator, which was 
not necessary in the formfactor (3.14) where is spacelike. Indeed, another consequence 
of having Gy nonzero is that V decays into vrvr, with a width given in Eq. (3.13). 

Since V is no longer an asymptotic state, its pole contribution should not be added 
separately to the spectral density. Rather, this contribution is now described by the Breit- 
Wigner peak in p^^r. In particular, the integrated strength of this peak is exactly the same 
as of the delta function in (4.11). We conclude that Eq. (4.13) represents the full vector 
spectral density at Gy ^ 0: 

py{s) = ~p^^{s) (Gy^O). (4.14) 

The dispersion integral is easy to evaluate in the approximation Yy -C My, which remains 
reasonable for My as high as 2 TeV. We find 



4 M\)^ 967r2 V p 



e3 = ^ K:^-i7l +7^ log::i^ + 0(i) . (4-15) 



^°Notice that the vector and axial contributions are separately positive-definite as they should be according 
to the Peskin-Takeuchi formula. This is a nice feature of the antisymmetric tensor formalism. In the "hidden 
local symmetry" formalism there is an operator involving the vector resonance, Tr(/C)^y/+,) in the notation 
of Ref. [24] , which gives a non sign-definite contribution to S. In our opinion, this means that this operator 
always comes accompanied by a contact counterterm Tr(/+,)^ so that the total AS > 0. 
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Since p-k-k{s) goes to zero rapidly for s ^ My, it is at this scale that the UV logarithmic 
divergence is cut off. The finite correction to the logarithm could be easily evaluated, but 
we prefer not to show it explicitly. Unlike the general conclusion that the log-divergence 
is cutoff at A ~ My, this finite term would not be a robust prediction of this model. For 
example, it would change if we assumed an s-dependent width in the V propagator. 

Subtracting a reference SM contribution, we finally obtain the S parameter: 

S-';i^-^).^U^,.Oi.)\. (4.16) 



M2 M\J 967r2 V Mff 



The logarithm can be set to zero by choosing the reference mass M^^^ = My, and we will 
be left with the resonance contribution ± uncertainty of the order g'^/dGn'^ ~ 0.5 x 10~^. 

We have based our discussion of the S parameter on the dispersion relation. However, 
the goldstone contribution (4.7) is also simple to compute from the Feynman diagram 



WWN* fWWV 



In the diagrammatic approach, adding V exchanges amounts to including diagrams: 



1,5 1 , 



In this language, it would not be immediately clear how the V exchanges help with canceling 
the log A dependence. In fact, it may seem that they make the situation worse because the 
added diagrams contain power-like divergences. The resolution of the paradox lies in the 
fact that since these divergences are contained in the subdiagrams 



they have to be interpreted as renormalization of Fy and of the vector propagator. 

Computing via the dispersion relation allows us not to deal with these issues. Renor- 
malization is performed "on the go", and we get a finite result in terms of renormalized 
parameters. 

We will now comment on contributions of other intermediate states to the spectral 
densities. The nV and nA two particle states contribute to pa and py, respectively. In the 

^"'^Such a renormalization was discussed in [31]. The residual quadratic divergences in Ref. [31] are related 
with contributions of the intermediate states other than tttt, to be discussed below. 
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large s limit these contributions are given by 

1 f Fy-2Gv y s 1 (FaV s 

24 V Mv ) 167r2t;2 2A\Ma) IQn^v"^ ' ^ ' ' 

respectively, giving a quadratically divergent contribution to S. The origin of this is a bad 
UV behavior of the nA and t^V formfactors, which will also cause a quadratic divergence in 
T as we will see in section 5.3 below. There, we will add two extra couplings ka and /ty to 
the VMD Lagrangian, which will regulate the formfactors and will replace 

Fv-2Gv^ Fv-2Gv + 2kvFa, Fa^Fa + 2kaFv (4.18) 

in the spectral densities given above. In section 5.3 we will fix the new couplings so that 
the quadratic divergence in S (and simultaneously in T) vanishes. What remains is a 
logarithmically divergent AS* which, we checked, is negligible in practice compared to the 
terms present in (4.2), if cut off at A ~ 2Mv- (On the contrary, the contribution to T will 
remain important even after cutting off the quadratic divergence.) 

The AV intermediate state appears in the spectral density pa as a result of the new 
couplings K,A,v- For s ^ My + Ma we have 

giving a quartically divergent contribution in 5*.^^ However, this contribution remains 
reasonably small if cut off at A ~ 2My, due to phase space suppression. In a more realistic 
setup, the AV formfactor would be softened giving an even smaller AS*. 

Finally, the VV and A A intermediate states contribute to pv- The relevant couplings are 
contained in the kinetic Lagrangian of the heavy spin-1 resonances [31].^"^ The corresponding 
spectral density is: 

-M.^^Ej^4)(^-^)"«(-«4). (4.20) 

Because of phase space, the contribution from VV starts above 2My, which is where our 
cutoff lies, so we do not include it. The contribution from AA should be included if A is 
hghter than V, and it gives a quadratically divergent AS": 

AS ~ (^^^ , A ~ 2My. (4.21) 

This is subdominant to the Goldstone loop contribution in (4.16), as long as the My < 4M^. 
The latter condition will be satisfied in most of the parameter space considered below in 
section 6. 

To summarize, we find it reasonable to neglect contributions from other intermediate 
states to the S parameter, and will keep only those giving rise to Eq. (4.2). 



^^In agreement with an observation made in [31]. 

^■^We are grateful to J. Kamenik and O. Cata for pointing out our omission to discuss these intermediate 



states in the first version of the paper. 
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4.3 UV tail and Weinberg sum rules 



In this section, we collect several general remarks about the UV tail of the spectral densities 
entering the Peskin-Takeuchi formula. This can be inferred by considering the OPE of the 
SU{2)l and SU(2)r currents: 

JT{x)jRiS>) ~ {V^"d^ - d^d,) (x2)^*/2-2 $'^'^(0) . (4.22) 

The scalar is the lowest dimension scalar transforming in the bi-adjoint of SU{2)l x 
SU{2)j^. As we will see below, the dimension A<j, will control the UV behavior of the 
dispersive integral. 

If the UV theory is weakly coupled, operator $ and its dimension can be found explicitly. 
For example: 

Technicolor: $ = (^PlTV) (V^P^T^) (A$ = 6) , 

SM: $ = tr [UTIM^T^] (A$ = 2), ^^'"^^^ 

where EI is the SM Higgs field in the matrix bi-doublet notation. For a strongly coupled 
UV theory, like Walking [8] or Conformal [9] Technicolor, the dimension of $ is in general 
unknown, except for the lower bound A$ > 1 as a consequence of unitarity. Interestingly, 
under the special assumption made in Conformal Technicolor (scalar bi-doublet of dimension 
close to 1), one can also derive an upper bound 

A$ < 2 + 2.85(Ah - 1) < 4 (Conformal Technicolor) . (4.24) 

See [11, 12] for the actual bound, and [10] for the theory behind. 

Coming back to the OPE (4.22), it determines the UV asymptotics of the LR self-energy: 

^LR{q') ~ (-g')^-^*/'($), (4.25) 

times a factor of log(— g^) if A<i> is an even integer. The VEV of $ is nonzero since conformal 
symmetry, and the global symmetry, are broken in the IR; by dimensional analysis: 

($) ~ (Aew)^" . (4.26) 

The sign of ($) is undetermined in general, except for Technicolor /Walking Technicolor 
theories based on a vector-like gauge theory in the UV. For such theories Witten [32] has 
shown that Ulr > in the Euclidean — )• —q%, q% > 0. Thus necessarily ($) > in this 
case [33]. 

From Eq. (4.25), we conclude: 

pvis) - pAis) ~ {s » Al^) . (4.27) 

This implies that the Peskin-Takeuchi formula always converges in the UV. Another way to 
see this absence of the UV sensitivity is to notice that the operator 

^ = W^,B^, (4.28) 



14 



We are not trying to keep track of factors of tt. 
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interpolating the S parameter effective operator (JJW^yWB^y), is always irrelevant since 
A<i, > 1. 



Finally, we discuss the first and second Weinberg sum rules [35] 

/ ds[pv{s)- pa{s)]=v^ (A$>2), 
Jo 



.00 (4.29) 

/ dss[pv{s) - pa{s)\ = Q (A$>4), 
Jo 

which follow by expanding the dispersion relations (4.4) at — > 00 and setting the 
coefficients to zero. This is legitimate as long as 11^^(5^) decays fast enough, which happens 
for A$ above indicated values. 

For example, none of the two sum rules hold for the SM (A$ = 2) while both of them 
would be valid for Technicolor (A$ = 6). 

Most of the Walking Technicolor literature assumes that the fermion bilinear dimension 
gets close to 2 in the walking regime. Then if operator dimensions are assumed to factorize 
(unjustified approximation), the four-fermion operator $ as in (4.23) will have dimension 
close to 4. The second Weinberg sum rule then gets an important log-divergent contribution 
from the walking regime, cut off at the scale where the theory transitions to the weakly 
coupled UV gauge theory. One can try to model this transition and estimate the resulting 
contribution [34]. 

For Conformal Technicolor models, we can rely on the rigorous bound (4.24) which 
implies that A$ < 4 in the interesting range of Ah- This means that the second Weinberg 
sum rule will have a powerlike divergence, and cannot be used.^^ 

Applied to the VMD spectral densities (4.11), the Weinberg sum rules would imply 

F^-Fl = v' + {MyASTr') , 

F^Ml - FlMl = O (M^/487r2) , ^ ' ^ 

where O (...) represent the contribution from vrvr, negligible for My ^ 2 TeV. These equations 
have to be taken with a grain of salt. They can be easily disturbed by presence of multiple 
resonances or, as we have seen, the original sum rule could be simply invalid. This is 
especially true of the second equation, strongly tilted into the heavy part of the spectrum. 

When comparing with the data in section 6, we will require that the VMD spectrum 
satisfy the first Weinberg sum rule. The second sum rule will not be imposed; it will turn 
out to hold only in a small region of the full parameter space, which will be different from 
the region preferred by the EWPT. 



^^If the model transitions to a weakly coupled gauge theory in the deep UV, the divergent contribution 
will be cut off at the transition scale and cancelled by a threshold correction of the opposite sign, leaving a 
finite remainder which seems impossible to predict with current technology. 
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5 T parameter 



In the SM, the T parameter at one loop gets important contributions 0{yf) and 0{g''^), since 
these are the two largest couplings breaking the custodial symmetry. In strong EWSB, the 
OiyD contribution may get modified because of top quark compositeness or other effects 
[1, 36], and there is an extensive literature trying to keep track of these modifications in 
explicit models [37, 2, 38-41]. 

On the other hand, the 0{g''^) contribution is typically included in the analysis by just 
keeping the chiral logarithm. There is only a handful of papers which discuss the role of 
resonances for the T parameter [42-44, 6, 31]. This can be contrasted to the S parameter, 
where it is standard to keep both the chiral log and the contribution of resonances. In this 
paper, we will follow [6] and try to investigate the resonance contribution to T. 

5.1 T parameter and goldstone wavefunction renormalization 

At leading order in g', the T parameter can be determined from the EWSB sector data by 
means of the equation: 

Since the SM gauge fields couple to the EWSB sector by^^ 

= gW^^Jr + g'B.Jl^ + . . . , 

it is clear that Eq. (5.1) is consistent with the definition of ei in section 2. 

Since g does not break the custodial symmetry, we can set it to zero and view SU{2)w 
gauge fields as non-dynamical. However, does propagate, and this makes the study of T 
more difficult than that of S", where all gauge dynamics could be switched off. 

One complication in interpreting and applying Eq. (5.1) is caused by the fact that the 
propagating 5^ mixes with vr^ (except in the Landau gauge; see below), shifting the massless 
pole in the {J^Jl) correlator. One simple and effective way to prevent this from happening is 
to impose an IR cutoff which turns off 5^ modes below some energy /i. This eliminates B^- 
TT^ mixing at zero momentum and, simultaneously, regulates the IR logarithmic divergence 
present in ci (see below). The introduced /i dependence will cancel when subtracting e^^, 
just as it happened for the 5" parameter. 

The L/R current expansion starts with 

JIr = ld,n^ ± le^'"'7r%7c'^ + ..., (5.2) 

where . . . contains higher-order terms as well as terms involving other fields. E.g. in the 
SM 

Jln^±lhd,7r^ (SM). (5.3) 
^^Here . . . stands for terms quadratic in gauge fields, needed to have full gauge invariance to O {g^,g'^)- 
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At 0{g''^), goldstone contributions to the current-current correlators in Eq. (5.1) are given 
by three types of diagrams (® = Jl, dashed hues = goldstones, wavy hues = 5^): 



yJ^^ -l'^ ^3^#J^^^ 

® > ® (fe d 



(5.4) 



In the Landau gauge, the kinetic B^-ti^ mixing vanishes, and only diagrams of the first 
type survive. In the g — )■ limit, these diagrams can be interpreted as corrections to the 
goldstone wavefunction renormalizations Z. We thus arrive at a very useful relation [45-49]: 

ei = - ^ZslLandau gauge (oUC loOp) . (5.5) 

Notice however that, in principle, we could compute ei also in other gauges, as long as we 
include all diagrams in Eq. (5.4).^^ 

In a generic heavy model, we have 

while in the SM we also have, from the diagram with the Higgs boson and circulating 
in the loop. 

From here we can verify the e^'^ behavior given in (2.4) and obtain the well-known goldstone 
contribution to the T parameter in a heavy model without Higgs: 

^ '^^ log r (Higgsless; from goldstones) . (5.8) 



327r2 ^ Mf ^ 

5.2 Resonance contribution and UV sensitivity 

Eq. (5.8) brings out several questions. At what scale is the logarithmic divergence cut off? 
Can it be cut off by the resonances, as it happened for the S parameter? Can we estimate 
the finite contribution from the resonances, as we did for 5? 

In the low energy effective theory, the resonance contribution to the T parameter can 
be estimated by adding to the chiral Lagrangian an effective operator 

{U{D^U)^TY, (5.9) 



IGvr^t)^ 



^^Alternatively one can renormalize the chiral Lagrangian while working in the background field gauge, 
which is necessary to preserve the chiral symmetry [43]. 
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where we indicated the coefficient of the size expected from NDA. The logic is that such 
an operator can be generated by integrating out the resonances. The resuhing order of 
magnitude estimate for T is 

Tres = 0((7'Vl6vr2) , (5.10) 

which looks formally subleading to the logarithmically enhanced goldstone contribution 
(5.8). Still, it is interesting to ask whether the resonance contribution may become numer- 
ically large; this will be discussed in the next section in the context of VMD. 

The above discussion presupposes that the T parameter is not sensitive to the deep 
UV scales, where the EWSB sector is assumed to sit at a conformal fixed point. This, 
however, is not automatic, even if the UV fixed point is custodially-symmetric. We have to 
impose an additional assumption that the UV theory should not contain any relevant scalar 
operator S which is singlet under SU {2)w x U{1)y but not under the full SU {2)l x SU{2)r 
group. For example, the = 0, T| = component of a (l,n) © (n, 1) representation of 
SU{2)l X SU{2)ji could be such a scalar (n must be odd to have a T]^ = component). 

If a relevant H were present in the theory, it could be generated when the EWSB theory 
is coupled to the SM. The coefficient of this operator would then grow in the IR. If S were 
strongly relevant, this would bring back the hierarchy problem. If S were weakly relevant, 
then a large hierarchy could in principle be obtained. However, the IR theory in this case 
would be custodial-symmetry violating, predicting an unacceptably large value of the T 
parameter. 

In weakly coupled UV theories, the lowest dimension operators with the H quantum 
numbers are (n = 3 in both cases): 

Technicolor: S = {^Piip) {iPPrT^'^) (Ah = 6) , 
SM: S = \H^D^H\^ (As = 6) , 

and are irrelevant, so that the T parameter is not UV sensitive. But in a general theory this 
may not be true. The requirement that no relevant S be present should be added to the 
list of conditions on a viable Conformal Technicolor model. At present it is not known if 
this is a serious constraint. The existing studies of Conformal Technicolor viability [10-12] 
were based on the OPE of a (2, 2) with itself, which does not contain a scalar with the S 
quantum numbers. 

5.3 T parameter and Vector Meson Dominance 

We now come to the question of computing the resonance contribution to the T parameter. 
One may wonder if such a computation could be done starting from a dispersion represen- 
tation, as was done for 5*. Eq. (5.1) shows that the T parameter is naturally related to the 
four point function of two left and two right currents, which indicates that finding such a 
representation is more complicated than for 5, where the relevant object was a two point 
function. Interestingly, there exists a simple dispersion relation for the electromagnetic pion 
mass difference in QCD [50]. In particular, in that case current four point functions can be 
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reduced to two point functions using PCAC and current algebra. Since the T parameter 
is related to the pion wavefunction difference via Eq. (5.5), it is tempting to think that a 
simple dispersion relation may exist here as well. 

Still, at present we do not know any such dispersion relation for the T parameter. 
For this reason we will evaluate T by using a diagrammatic approach, starting from the 
VMD Lagrangian introduced in section 3. Eq. (5.5) says that we must compute goldstone 
wavefunction renormalizations due to i?^ exchange in the Landau gauge. Only is 
nonzero; it is given by the two diagrams 



B 




+ 




V,A 



(b) 



The blobs in diagram (a) stand for the ttttB^ vertex softened by the V exchange diagram, 
as in Fig. 2. This vertex is an off-shell continuation of the pion formfactor but is actually 
given by the same formula, modulo 0{q^) terms not contributing in the Landau gauge: 



9_ ab3 

2 



1 - 



FyGy 



M'y 



{p + pT + 0{q' 



Diagram (a) contribution to is then given by 



^9 



12 



327r2 



FyGy 



\ A My 

log — — + log ■ 



/i 



2v^ 



0{M^/A' 



(5.11) 



where we regulate the IR divergence as in section 5.1. This formula is easy to understand: 
the structure of IR and UV log-divergent terms is dictated by the low and high energy limits 
of the pion formfactor. Under condition (3.15), the formfactor asymptotes to zero and the 
UV divergence disappears. 

On the other hand, diagram (b) gives a contribution which is, generically, quadratically 
divergent :^^ 



^9 



12 



{Fy - 2Gyf_ ^ Fl 



Ml 



A' 



+ . 



(5.12) 



This quadratic divergence is due to the 0{kP) part of the heavy vector propagator. This 
most singular part happens to be transverse, as can be seen by rewriting the propagator as: 



-2i 



9t^p9u 



Ml 



(5.13) 



QfipQuak + Qppkykfj g^iakukp [fi -f-)- z/) 



p.y.p(j 



0, 



^^See however [51] for old work on dispersion relations for current four point functions. 
^^This is factor 2 bigger than the quadratic divergence reported in [6] and [31]. This should be due to an 
inconsistent normalization of the heavy vector propagator used in those works. 
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This in turn means that, for extracting quadratic divergence, it is sufficient to compute the 
irVB and ttAB vertices modulo 0{d^jy^^ , d^A'^^). Expanding (3.8) and integrating by parts 
when necessary, the corresponding cubic couphngs are given by: 

^^~^^^ (y^-[c^^7r,^.]) + If{A^'^[d^rr,B,])+0{d,V^'',d,An. (5.14) 

This explains the coefficients in (5.12). 

One can take two points of view with respect to the quadratic divergence. The ffist one 
would be to consider only those values of parameters for which the term vanishes. In 
this case, diagram (b) contributes with a negative logarithmic term: 



V 



This situation is realized e.g. in the well-known three-site model which has Gy = v/2, 
Fy = V. The T-parameter in the three-site model has been studied in [42, 43]; the sum of 
Eq. (5.11) and (5.15) agrees with their result. 

The second point of view would be to accept that in general Fy 7^ 2Gv, Fa 7^ 0. The 
quadratic divergence then is a potentially physical effect, providing a positive contribution 
to T, which may perhaps improve the electroweak fit [6] . However, to assess its importance it 
is interesting to know a mechanism by which it may be cut off. As one possible mechanism, 
Ref. [6] has proposed to add to the Lagrangian two extra parity-invariant terms: 

tKA{A'^''[V,V'"',u^])+iKv{Vf^n'^pA'"',u^]) . (5.16) 

The effect of these terms on the T parameter is to replace diagram (b) by 




Here the blobs stand for formfactors: the sum of the direct coupling present already in 
diagram (b), and the coupling where ffist mixes with V{A) which then couples to ttA 
(ttV) via (5.16). 



The formula for the quadratic divergence is now modified to 



^9' 



,/2 



{Fv - 2Gv + 2kvFaI_ ^ (^a + 'i^^AFv) 



Ml 



A2 



(5.17) 



This can be understood as follows. What matters for the quadratic divergence is the 
formfactor behavior at large 5^ momenta. In this case, the vector meson with which 5^ 
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An extra log-divergent term claimed in [31] is in fact an error. We thank J. Kamenik for discussions. 
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mixes can be integrated out. This gives cubic couplings as in (5.14) with Fy — 2Gv and Fa 
shifted as in (5.17). 

In what follows we will assume that the couplings k,a,v are such that the formfactors 
approach zero at large momenta: 

Fv - 2Gv + 2kvFa = 0, Fa + 2kaFv = , (5. 18) 

making the term vanish. 

With the quadratic divergence cancelled, one can go ahead and compute the logarithmic 
and finite terms. The formula is given in Appendix C and the results for comparison with 
the electroweak precision data will be reported in the next section. 

We would now like to include other cubic ttAV couplings. Up to integration by parts, 
there are four other terms that one can write down, differing from (5.16) by the order in 
which indices are contracted: 

^3 = Vpu,]) , ^4 = {V^'iAP", Vpu,]) . (5.19) 

The effect of these couplings on the T parameter is discussed in detail in Appendix B. For 
various reasons only the first of these operators turns out to give a nonzero contribution to 
T. This contribution is only logarithmically divergent; its numerical importance will also 
be studied in the next section. 



6 Theory vs Data 

We will now make a numerical comparison of the Vector Meson Dominance model with the 
electroweak precision data. 

The first step is to impose the constraint of elastic unitarity in vrvr scattering, discussed 
in section 3. We choose to impose that the Oq partial wave remain less than 1 up to 
the energy 2My. Other partial waves give weaker constraints. For each My, we obtain 
a range of allowed Gy, see Fig. 3. We vary My from 1.2 to 2.6 TeV. For larger My it 
becomes impossible to maintain unitarity for whatever value of Gy, while smaller values 
of My would give too large S parameter (see below). We see that the Gy preferred by 
this argument are indeed somewhat bigger than f/-\/3 from (3.12). The central value is not 
far from Gy = v/\/2, which would be chosen if we imposed the pion formfactor constraint 
(3.15) together with the Fy = 2Gy relation. 

We note that Ref. [6] used a fixed 3 TeV cutoff. We find an My dependent cutoff, like 
the one used here, more reasonable, since the resonance V better be able to cure the ills 
of the theory without further help in a significant range of energies, for the logic of Vector 
Meson Dominance to make sense. 

There is a sign discrepancy with App. A of [6]. 
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Figure 3: The shaded region gives a constraint on Gy from imposing elastic unitarity in the 
vrvr scattering ampHtude up to the energy of 2My. The v/y/2 and v/y/?, lines are given for 
comparison. 



For each Gy from the allowed range, we will fix Fy via Eq. (3.15) to have a well- 
behaved pion formfactor, Eq. (3.15). We then fix Fa using the first Weinberg sum rule 
(4.30), neglecting the vrvr contribution in the RHS. For reasons explained in section 4.3, we 
do not impose the second Weinberg sum rule. If we were to impose it, the resulting value 
of Ma would give a large positive S parameter, excluding the model. 

We can now compute the S parameter using Eq. (4.16) as a function of My, Ma (we will 
neglect the 0{g^ /QQn"^) error term in that formula). For each My, there is a range of Ma for 
which the computed value of the S parameter gives a point in the horizontal projection of 
the experimental ei, ellipse. These ranges of Ma are shown in Fig. 4 as a function of My. 
The two allowed regions in that figure correspond to choosing the minimal and the maximal 
allowed Gy for each My. For intermediate Gy the allowed region changes smoothly between 
the shown extreme cases. We see that lower values of Ma become allowed when we increase 
Gy. This can be explained as follows. A larger Gy gives a smaller Fy via (3.15), which in 
turn produces a smaller Fa from the first Weinberg sum rule. Hence smaller Ma is possible 
without conflict with the S parameter. 

Demanding that the second Weinberg sum rule be also satisfied would restrict the allowed 
parameter space of Fig. 4 to a tiny region near the maximal allowed masses: My ~ 2.6 TeV, 
Ma ~ 4 TeV. As we will see below, this region is not the one preferred by the EWPT. We 
are led to assume that the second Weinberg does not hold. As discussed in section 4.3, 
this assumption is actually a necessity in models of strong EWSB based on the Conformal 
Technicolor idea. 

Notice that we do not impose the constraint that the S parameter be positive, since 
such an inequality has never been rigorously proved (see however [52] for a discussion in the 
context of holographic models). 

Finally, we compute the T parameter as explained in section 5.3. It gets contributions 
from diagram (a), Eq. (5.11), and diagram (b') whose value is reported in Appendix C. 
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Figure 4: Constraint on M^, My from the S parameter; see the text for an explanation. 

Figs. 5, 6, 7 then show the position of the model in the £3, Si plane as a function of various 
free parameters. 

In Fig. 5, we analyze the case when only the operators (5.16) are added to the Lagrangian 
(3.8) in order to cancel the quadratic sensitivity of the T parameter to the cutoff. The 
couplings of these operators are thus fixed from Eq. (5.18). We choose four representative 
values My =1.2, 1.6, 2, 2.4 TeV. For each value of My, we vary Gy from the minimal to 
maximal values allowed by Figs. 3. For each My, Gy we then vary Ma from the minimal to 
maximal value allowed by the S parameter constraint (represented in Fig. 4 for the extreme 
values of Gy). 

The position of the model then varies within the shaded (light green) curved rectangular 
region. The T parameter increases with increasing Gy, while the S parameter increases with 
increasing Ma- The horizontal (vertical) curvy lines within the shaded region correspond 
to varying Gy {Ma) in steps of 20% within the allowed intervals. Finally, to guide the eye, 
for each My the blue curve traces the Higgs mass dependence in the SM, terminating at 

Mh = My. 

In Figs. 6 and 7 we do the same, but adding the coupling +iA^i to the Lagrangian. As 
mentioned in section 5.3 and shown in Appendix B, the operator ^1 is the only one among 
extra possible cubic couplings from Eq. (5.19) which affects the T parameter. Moreover, its 
contribution is at most logarithmically divergent. We choose A = ±0.5 in these two figures, 
which is of the same order of magnitude as the couplings Ky a typically required to cancel 
the quadratic sensitivity of the T parameter. 

In all the three plots we chose the cutoff A = 2My to evaluate the logarithmically 
divergent terms in the T parameter. We have also neglected the terms 0(M|,/A^). We 
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checked that these terms are numerically small. We also checked that increasing the cutoff 
up to A = 3My does not change these plots significantly. 

On the basis of these plots, we can now summarize the compatibility of our model with 
the experimental constraints. For A = 0, the agreement with the data can be obtained only 
in a small region of the parameter space, namely for low values of My ~ 1.2 TeV, for Gy 
close to the maximal values allowed by the elastic unitarity constraint (Fig. 5). 
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23456789 23456789 




23456789 



2 4 




Figure 6: A = +0.5. 



Proceeding to the case when the operator is turned on, we see that for positive A = 0.5 
(Fig. 6) the fit is even worse that for A = 0. On the other hand, for negative A = —0.5 the 
situation looks quite a bit better (Fig. 7). Smaller My < 1.5 TeV are still preferred, but 
now the EWPT consistency holds in a reasonably wide range of M^ and Gy- 

To summarize, we see that these models can be rendered compatible with the EWPT, 
provide that V and A are not too heavy, and especially if the extra ttAV coupling A is given 
a moderately negative value. 

We would like to recall here the original idea of Ref . [6] : that after adding the operators 
(5.16) and canceling the quadratic divergence in T, there would remain uncanceled finite 
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AT > which could improve the electroweak fit. Indeed, our formulas for T in Appendix C 
contain finite terms whose origin can be traced back to the quadratic divergence (5.12). 
However, these terms remain subdominant in the region of parameter space allowed by all 
the other constraints that we impose. Basically, this happens because the mass hierarchy 
between A and V is never sufficiently large for these terms to dominate. Thus, the idea of 
Ref. [6] is not realized in our framework, although our basic conclusion that the resonances 
can provide a positive AT is the same. 
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Figure 7: A = -0.5. 



7 Conclusions 

In this paper, we have considered a generic low energy description of Higgsless scenarios 
of strong EWSB. We considered one vector (^) and one axial (A) spin-1 resonance and 
assumed Vector Meson Dominance, i.e. that tree level exchanges of these resonances cure 
the UV behavior of various formfactors, of the current two point functions, and of the elastic 
WlWl scattering up to the cutoff A ~ 2My. 
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By requiring unitarity up to this scale, we fixed the value of Gy in terms of My- 
Assuming the good UV behavior of the pion formfactor allowed us then to fix Fy in terms 
of Gv- The first Weinberg sum rule gave then the coupling Fa- Anticipating the usual 
conflict of QCD-like scenarios with the EWPT, we assumed that the second Weinberg sum 
rule is not satisfied, leaving the masses unconstrained. This is also to be expected if the UV 
structure of the model is of Conformal Technicolor type. 

We then computed the electroweak precision observables, using the Peskin-Takeuchi 
dispersive relation for the 5* and a Feynman diagram approach for the T. We saw that 
the T parameter features quadratic divergences, and used the mechanism proposed in [6] to 
cancel them, introducing two new cubic ttAV couplings. These quadratic divergences then 
leave a physical effect, as the finite terms remaining after the cancellation contain a piece of 
the same structure but with the cutoff replaced by Ma or My- It was assumed in [6] that, 
for this reason, keeping only those terms may be a good approximation. However, in our 
more restrictive framework this is not the case, since the allowed region for Ma and My 
does not allow large mass hierarchies. 

On top of the operators of [6] , we found a third cubic nAV operator also contributing 
to the T parameter, albeit only logarithmically. Unfortunately we were not able to predict 
the corresponding coupling A, and used an order-of-magnitude estimates to see its influence 
on the numerical result. Despite this little drawback, this operator turns out to be very 
interesting for comparison with the data. Indeed, without it, consistency with the EWPT 
is possible only in a tiny corner of the parameter space where our formula for the T begins 
to be less accurate (for My ~ l-=-1.2 TeV and Ma ~ 200 -=-300 GeV). However, for negative 
values of A we can get a good fit, with values of Ma less close to the electroweak scale. 

The main conclusion is thus the same as of [6] : that this kind of strong EWSB scenarios 
can be made compatible with the EWPT using the positive AT from resonances. However, 
the inner workings of how we achieve the consistency are different. 

We are sharply aware of the fact that to arrive at this conclusion we had to make a 
number of simplifying assumptions whose accuracy may be difficult to assess. First, we 
assumed that the one-loop approximation for the T parameter is accurate or at least gives 
an idea of the expected size of the effect. Second, to reduce the number of parameters and 
to obtain a predictive framework, we assumed that just one generation of resonances (one 
vector and one axial) is important for saturating the various VMD sum rules. We hope that 
the noble goal of exploring the difficult world of strongly coupled models partly justifies our 
choice of imperfect means, for lack of better ones. 

Note added. One month after this work was posted to arXiv, the LHC experiments 
announced first evidence for a Higgs-boson-like particle near 125 GeV. While the working 
assumption of our work was that a Higgs boson does not exist, some of the lessons that we 
learned here will be also useful for computing electroweak precision observables in composite 
Higgs models, and in particular for putting on more solid grounds the estimates of T and 
S made in Ref. [2]. 
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A Experimental values of £i and £3 



The final experimental paper about the LEP and SLC precision electroweak measurements 
reports the following determination of the e parameters ([53], App.E) 

El = +(5.4 ±1)10-3 
2006: £2 = -(8.9 ± 1.2) 10"^ with correlation matrix p = 
€3 = +(5.3 ±0.9) 10^3 



1 0.6 0.86 
0.6 1 0.4 
0.86 0.4 1 



This determination used the preliminary measurement of the W mass: 

2006: Mw = 80.425 ± 0.034 GeV , 

while the current value is [54] 

2010: Mw = 80.399 ± 0.023 GeV . 



This change affects the 62 parameter via the term 



£2 



p2 _ 2 



Ar„ + 



Here sw is the sine of the Weinberg angle in whatever definition, ~ 0.23, Cy^ 
and Ar^ is related to via 



7ra(M 



(A.l) 
(A.2) 
(A.3) 

(A.4) 
(A.5) 



The updated Mw measurements thus leads to a shift in the central value of £2, and reduces 
its uncertainty: 

2010: £2 = -(8.2 + 1) 10-^ (A.6) 

On the other hand, £1^3 as well as their covariances with 62 are not affected. (Recall 
that £1^3 are linear combinations of Ap and Ak which are not correlated with Ar„.) For 
completeness, we report the new correlation matrix: 



2010: 



1 0.73 0.86 
0.73 1 0.49 
0.86 0.49 1 



(A.7) 
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In most models, the £2 parameter receives dominant contributions from the W, Z boson 
loops. It is extremely weakly sensitive to the Higgs boson or other heavy particles. For 
example, ef^ = -(7.45 ^ 7.35) lO'^ for Mh = 100 GeV ^ 1 TeV. For this reason, it makes 
sense to fix 62 — ?■ —7.4 x 10~^, which leads to the improved determination of £1^3 given in 
Eq. (2.1). A small upward shift in the central values of £1^3 is explained by their positive 
correlation with 62- We have checked that this determination is in very good agreement 
with the ab initio fit performed recently by GFitter [55]. 

Our final comment concerns the position of the Standard Model in the ei, 63 plane. 
Fig. 1. We took ef^ = 5.06 x lO'^ ^sm ^ 5 ^ ^q-3 ^ m Q^y^ ^ ^73 Q^y)^ f^^^ 

[53], Table G.6, as a quick way to get a reference point. We then traced the full curve using 
formulas from Ref. [17] for the full Mh dependence at one loop. 

B T parameter from nAV couplings 

Here we discuss the role of the four extra operators (5.19) for the computation of the T 
parameter. 

Since the only vertices that matter are those involving two resonances and one pion 
field, we can replace the covariant derivatives by the normal ones and expand to first order 
in pions. The operator ^4 is then equivalent to ^3, since VpU^ — )■ dpd^ii is at this order 
symmetric in p, p. 

The operator ^2 gives a contribution to the tiVB, ttAB formfactor which is already 
proportional to (two derivatives acting on the pion field). Thus, to get a nonvanishing 
contribution to the T parameter from the diagrams 



we need to pick up terms in the right formfactor (blob) that are nonvanishing as g — )■ 0. 
The only operators with no derivatives acting on the pion field are the ones corresponding 
to the couplings Fy and Fa- The only diagrams involving the ^2 operator, that contain 
terms of order and not higher, are therefore: 



But since ^2 is antisymmetric with respect to the exchange of A and V, these two diagrams 
give contributions opposite to each other. Therefore, the ^2 operator does not contribute 





A 



V 
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to the T parameter. Similarly, the ff^ does not contribute either (it is also antisymmetric 
in A and V, and of order in the pion field). 

So, we are left with ^i. Let's investigate the nature of the divergent contribution to the 
T parameter produced by this operator. Quadratic divergences may arise only if the 0(fc°) 
term of the resonance propagator is involved; they are contained in the diagram of Fig. 8. 

q 

o 

Figure 8: The left blob represents the contribution to the ttVB, ttAB formfactors due to ^i. 
The right blob represent the full nVB, ttAB formfactors, including corrections from all the 
operators. Dafs is the B propagator in the Landau gauge. The Pp.u,pa is the 0{k^) part of the 
resonance propagator, see Eq. (5.13). 




The contributions to txVB and -nAB formfactors have the schematic form: 

TiVB: ^ {p.q)g''^p''\ nAB: ^ {k.q)g''^^p''\ (B.l) 

This is easy to understand: the vr momentum is always contracted with the momentum 

of A (be it an outgoing leg or the resonance mixing with the B). The remaining Lorentz 

structure depends only on the B momentum p and must be antisymmetric in /i, u. When 

we contract the formfactor with the 0{k^) part of the resonance propagator, we can 

replace p — g in (B.l), because k'^P^u pa = 0. The LHS of the diagram in Fig. 8 is therefore 
0(g2).22 

As to the RHS, there are several Lorentz structures that can appear in the general 
formfactor. However, taking into account the antisymmetry in p, a they are all proportional 
to either q or k. In the first case the diagram is 0{q^) and does not contribute to the T 
parameter, while in the second case it simply vanishes after contracting with P^u,pa- 

Consequently, does not give rise to quadratic divergences. However, it does give loga- 
rithmically divergent and finite contributions from the non-transverse part of the resonance 
propagator. We report these in Appendix C. 

Finally, we remark that there are also "double-trace" operators made out of two reso- 
nance fields and one invariant under the global symmetry group and parity, like 

But since the expansions start at second order in the pion field, such operators won't 
contribute to the T parameter. 

^^This would not be true for the operators in (5.16) which give rise to formfactors ~ g°'it^q'^^ without extra 
powers of q. This is ultimately why (5.16) give rise to quadratically divergent T and ffi not. 
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C Full formulas for the T parameter 



Here we report the full formulas for the contribution of diagram (b') of section 5.3 to the T 
parameter. 

Diagram (b') with V propagating in the loop contributes 3(7'^/(2567r^f ^) times 



p2 



M2 



e [Fl + Fv [Fv - 2Gv)\ [{i - 2)Fl + - Q)F^ + 2(,GvFv] , Ml 



e [Fl + Fv {Fv - 2Gv)] [Fl + bF^ - 2GvFv] 



log 



2^{Fv-2Gvy 



XFa {2\FaFv + Fl~ F2 ) A2 



(C.l) 



Fv 



X^Fa [-2A(e - 2)FaFv - - 2)Fl + + 2)F^ - 2GvFv] , Ml 



i^-l^Fv 
X^Fa [2XFaFv + Fl+Fv {3Fv - 2Gv)] 
- i)Fv 



log 



+ 0{M^^a/^') • 



Here ^ = Ml/My. The first three lines group terms originating from the Lagrangian (3.8) 
with operators (5.16) added. The couplings Ky^A are fixed from Eq. (5.18) to cancel the 
quadratic divergence. This explains the appearance of Fy^A in the denominators. The 
second three lines group terms which appear when the coupling +iX^i is turned on. 

In the same notation, diagram (b') with A propagating in the loop contributes Sg'"^/ (2567r^f ^) 
times 

FX-2Fv{Fv-2Gv)Fl-F^{Fv-2Gv? 



p2 



A' 



V 

2e(e + 2)FlFv {Fv - 2Gv) + [{C - 8)g + 2] ^ eF^ {Fv - 2Gv) ' , Ml 



+ 1 



(e-im 

[Fl + Fv {Fv - 2Gv)] [5Fl + Fy {Fv - 2Gv)] 
{^~i)Fl 

XFy [2XFaFv + 3Fl + Fy {Fy - 2Gv)\ 
Fa 

X(^Fv [2XFaFv + iFl + Fy {Fy ~ 2Gy)\ 
(C - 1?Fa 

XFy [2XFAFy + iFl + Fy {Fy ~ 2Gy)\ 

(e - ^)Fa 



2i-^Fl 



M} 



(C.2) 



V 



M 



V 



+ 0{MIa/^') ■ 



It is instructive to compare these formulas with one partial case mentioned in the main 
text: setting Fy = ^Gy, Fa = 0, and A = 0, the logarithmically divergent term in Eq. (C.l) 
agrees with Eq. (5.15). 

The term oc ^ which we separated in the third line of (C.l) is the remnant of the 
first quadratically divergent term in Eq. (5.12). This divergence is cancelled at A ~ Ma- 
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Analogously, the second quadratic divergence in Eq. (5.12) is cancelled at A ~ My (if 
Ma <^ My). The remnant of this divergence is the term oc in the third line of (C.2). 
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